Retrieval of synaptic vesicles that have released their neurotransmitter contents upon fusion with the plasma membrane is more complicated than one might think. In most cases, a clathrin coat must first be recruited to the membrane, which then curves to generate a clathrin-coated pit. Additional proteins, including endophilin, dynamin, and synaptojanin, need to bind while a thin neck forms between the clathrin-coated pit and the plasma membrane. Fission follows, and then the vesicle is readied for rerelease by removal of its clathrin coat (and other endocytic proteins) before refilling, docking, and priming. Numerous studies have suggested that endophilin binds just before fission, acting as both a sensor and promoter of curved membranes, and that it recruits two identified binding partners, dynamin and synaptojanin, which are known to be important for fission and uncoating, respectively (for review, see Dittman and Ryan, 2009 ). However, it remains to be determined exactly when and how endophilin operates. In this issue of Neuron, Milosevic et al. (2011) address the role of endophilin in synaptic vesicle endocytosis at mammalian central nervous system synapses using microscopy, biochemistry, electrophysiology, and optical imaging to pinpoint deficits resulting from the deletion of all three endophilin genes in mice. Surprisingly, the main defect they identified was a buildup of clathrin-coated vesicles, not pits, indicating that endophilin is not required for membrane curvature or fission in this system, but instead serves primarily as a regulator of uncoating.
So, what are the functional effects of deleting endophilins? Endophilin triple knockout (TKO) mice died shortly after birth, and endophilin 1,2 double knockout mice died within 3 weeks and exhibited major neurological deficits including uncoordinated movement and epileptic seizures (Milosevic et al., 2011) . As in earlier studies using flies (Verstreken et al., 2002; Dickman et al., 2005) and worms (Schuske et al., 2003) , synaptic transmission was significantly impaired in cultured cortical neurons derived from TKO mice (Milosevic et al., 2011) . Synaptic depression during a train of action potentials was greater in TKO neurons, and recovery after the end of the train was slowed. The frequency of spontaneous miniature excitatory postsynaptic currents was less than half that seen in wild-type neurons. These deficits suggest that loss of endophilins leads to a decrease in the number of synaptic vesicles available for release.
Electron microscopy images were consistent with this interpretation, showing that the number of synaptic vesicles was reduced by about 40% compared to wild-type controls; those that were present tended to cluster around release sites, which could account for the relatively normal transmission seen at low stimulation frequencies (Milosevic et al., 2011) . A massive buildup of clathrincoated vesicles was found to be distributed throughout the presynaptic terminal, whereas there was almost no change in the normally low number of clathrincoated pits. These results effectively rule out an obligate role for endophilin in fission at these mammalian synapses. This was unexpected because previous studies in lamprey (Gad et al., 2000) , fly (Verstreken et al., 2002) , and worm (Schuske et al., 2003) found an increase in clathrin-coated pits after either acute or genetic disruption of endophilin function and concluded that endophilin was critically involved in the steps responsible for separating the vesicle from the plasma membrane. It remains to be determined whether these discrepancies reflect differences between organisms or other experimental conditions.
Although the absence of clathrin-coated pits in TKO neurons strongly suggests that endophilin is not required for fission, synaptopHluorin imaging did reveal a slowing of compensatory endocytosis in TKO neurons after a high-frequency train of action potentials triggered evoked neurotransmitter release (Milosevic et al., 2011) . Although the most straightforward interpretation of these data is that endophilin is, in fact, playing a direct role in fission, the authors make a compelling case that this slowing is instead due to reduced availability of other endocytic proteins, especially clathrin coat proteins (which are not upregulated in the absence of endophilin), because they are ''stranded'' on clathrin-coated vesicles. Further evidence that endophilin is not necessary for fission is provided by immunofluorescent experiments showing that the density of dynamin clusters was increased in TKO neurons (Milosevic et al., 2011) . Because endophilin binds dynamin and dynamin is required for fission, recruitment of dynamin to the necks of clathrin-coated pits has been proposed to be one of endophilin's key functions (Hinshaw, 2000; Dittman and Ryan, 2009 ). However, the enhanced dynamin clustering and absence of clathrin-coated pits at TKO synapses argue against this hypothesis and indicate that some other adaptor protein is responsible for targeting dynamin to clathrin-coated pits prior to fission.
If endophilin is not bending or breaking the membrane during synaptic vesicle endocytosis, what is it doing?
The answer appears to be that endophilin is critical for recruiting synaptojanin, a lipid phosphatase, to the necks of clathrin-coated pits just before fission (Milosevic et al., 2011) . Synaptojanin is then well positioned to degrade PI(4,5)P 2 in the vesicle membrane, an essential step in the clathrin removal process (Dittman and Ryan, 2009 ). In TKO neurons, the density of synaptojanin clusters was significantly reduced and could not be rescued by expression of a mutant endophilin lacking the synaptojanin binding site, indicating that endophilin directly mediates synaptojanin binding (Milosevic et al., 2011) . The close relationship between endophilin and synaptojanin has been appreciated for a while (Song and Zinsmaier, 2003) . Most notably, mutants and knockouts of endophilin and synaptojanin show remarkably similar defects, including increased synaptic depression during repetitive stimulation, decreased numbers of synaptic vesicles, and a buildup of clathrin-coated vesicles (Cremona et al., 1999; Schuske et al., 2003; Verstreken et al., 2003; Milosevic et al., 2011) . Double mutants in which both endophilin and synaptojanin are disrupted are no worse off than flies and worms in which just one of those proteins is mutated (Schuske et al., 2003; Verstreken et al., 2003) . Together, these data suggest that although endophilin may facilitate membrane curvature, dynamin binding, and fission, it is only necessary for the efficient recruitment of synaptojanin.
A number of questions are raised by the new findings. For example, where do the synaptic vesicles that are found in TKO terminals come from? Are they formed by de novo synthesis from endosomes, bypassing the need for uncoating, or does their presence reflect a highly impaired, yet still functional, endophilinindependent mechanism to remove clathrin? Also, why is the amplitude of spontaneous miniature excitatory postsynaptic currents smaller in TKOs? A change in synaptic vesicle size, which could account for this effect, might be expected but was not observed, suggesting instead a decrease in postsynaptic AMPA receptor numbers. Although regulated endocytosis of AMPA receptors has emerged as a major mechanism controlling synaptic function (Newpher and Ehlers, 2008) , evidence that endophilin is a player in this game has been limited (Chowdhury et al., 2006) . The observation that spontaneous miniature current amplitudes are also changed (albeit in the opposite direction) in mouse synaptojanin knockouts (Gong and De Camilli, 2008) raises the intriguing possibility that endophilin and synaptojanin operate on both sides of the synaptic cleft; understanding how these molecules work together to regulate quantal size will be an interesting topic for future investigation.
Finally, exactly how the results presented in the current study fit in with two recent reports about endophilin function is worth considering. In the first, transgenic expression of a truncated endophilin lacking the synaptojanin/dynamin binding site was found to rescue behavioral and synaptic deficits in endophilin mutant worms, leading the authors to propose that endophilin's primary role is to bend membranes prior to fission (Bai et al., 2010) . In the second, structurefunction experiments in mouse neurons uncovered a novel role for endophilin in controlling neurotransmitter release through interactions with the glutamate transporter that loads synaptic vesicles (Weston et al., 2011) . It is therefore likely that endophilin plays multiple roles in exo-and endocytosis, depending on species, cell type, and subcellular compartment. Elucidating these alternate functional roles of endophilin will require further study, but Milosevic et al. (2011) provide compelling evidence that at mammalian central synapses, endophilin plays a critical role in neurotransmission by helping synaptic vesicles take off their coats.
